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ABSTRACT: Natural and anthropogenic emissions of aromatic hydrocarbons from
biomass burning, agro-industrial settings, and fossil fuel combustion contribute
precursors to secondary aerosol formation (SOA). How these compounds are
processed under humid tropospheric conditions is the focus of current attention to
understand their environmental fate. This work shows how catechol thin ﬁlms, a model
for oxygenated aromatic hydrocarbons present in biomass burning and combustion
aerosols, undergo heterogeneous oxidation at the air−solid interface under variable
relative humidity (RH = 0−90%). The maximum reactive uptake coeﬃcient of O3(g) by
catechol γO3 = (7.49 ± 0.35) × 10−6 occurs for 90% RH. Upon exposure of ca. 104-μm
thick catechol ﬁlms to O3(g) mixing ratios between 230 ppbv and 25 ppmv, three main
reaction pathways are observed. (1) The cleavage of the 1,2 carbon−carbon bond at the
air−solid interface resulting in the formation of cis,cis-muconic acid via primary ozonide
and hydroperoxide intermediates. Further direct ozonolysis of cis,cis-muconic yields
glyoxylic, oxalic, crotonic, and maleic acids. (2) A second pathway is evidenced by the presence of Baeyer−Villiger oxidation
products including glutaconic 4-hydroxy-2-butenoic and 5-oxo-2-pentenoic acids during electrospray ionization mass
spectrometry (MS) and ion chromatography MS analyses. (3) Finally, indirect oxidation by in situ produced hydroxyl radical
(HO•) results in the generation of semiquinone radical intermediates toward the synthesis of polyhydoxylated aromatic rings
such as tri-, tetra-, and penta-hydroxybenzene. Remarkably, heavier polyhydroxylated biphenyl and terphenyl products present in
the extracted oxidized ﬁlms result from coupling reactions of semiquinones of catechol and its polyhydroxylated rings. The direct
ozonolysis of 1,2,3- and 1,2,4-trihydroxybenezene yields 2- and 3-hydroxy-cis,cis-muconic acid, respectively. The production of
2,4- or 3,4-dihdroxyhex-2-enedioic acid is proposed to result from the sequential processing of cis,cis-muconic acid, 2- and 3hydroxy-cis,cis-muconic acid. Overall, these reactions contribute precursors to form aqueous SOA from aromatics in atmospheric
aerosols and brown clouds.

■

INTRODUCTION
Aerosol particles absorb and scatter sunlight and act as
condensation nuclei for clouds, playing a key role in climate.1
The production mechanisms and associated properties of
secondary organic aerosols (SOA) from laboratory and ﬁeld
studies have been recently reviewed.2,3 In situ aging of the
species found in aerosols during atmospheric transport
contributes to the chemical complexity that makes quantifying
organic species in aerosols diﬃcult.4 The concentration of
water-soluble organic compounds (WSOCs) in ﬁeld measurements, e.g., glyoxylic, 3-oxopropoanoic, oxalic, and fumaric
acids, suggests common natural formation mechanisms.5
Because the high levels of WSOCs quantiﬁed at dissimilar
geographical locations can exceed typical urban pollution
sources,6−8 the identiﬁcation of new chemical production
mechanisms acting over emissions from natural processes is
needed.
The composition of WSOCs, atmospheric transport of
biomass burning products, and photooxidation (e.g., of
glyoxylic acid to generate oxalic acid) have been correlated at
diﬀerent sites.6−8 Dihydroxybenzenes such as catechol are the
most common gas-phase organic constituents (∼50 ppbv)
resulting from biomass burning,9 pyrolysis, and combustion.10
Cloud water collected from brown clouds also contains
© 2015 American Chemical Society

aromatics such as catechol rings substituted with methyl,
carbonyl, and nitro groups.11 The surfactant properties of these
species favor their accommodation at interfaces of aerosols,12
where they are prone to undergo photooxidation.13
A recent study demanded the identiﬁcation and quantiﬁcation of products from catechol ozonolysis both in gas and
particle phases.14 In fact, the heterogeneous ozonolysis of
catechol under ultrafast contact times15,16 has been the subject
of our previous study at the air−water interface of microdroplets.17 Mass spectrometry (MS) analysis of the reaction
products has revealed that diﬀerent reaction channels are
operative at the air−water interface: (1) oxidative cleavage of
the aromatic ring and (2) hydroxylation.17,18 The cleavage of
C(OH)−C(OH) bond of catechol yields cis,cis-muconic acid
(MA)19,20 and its lower molecular weight (LMW) carboxylic
acid oxidation products.17,21 Attenuated total reﬂectance
(ATR) Fourier transform infrared (FTIR) spectroscopy has
been used to study the reaction of solid ﬁlms under high
relative humidity (RH) that yielded an uptake coeﬃcient of
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ozone by catechol γO3 = 5.6 × 10−5 (RH = 81%)20 that is about
20-times larger than the value estimated at the air−water
interface (γO3 = 2.73 × 10−6).17 Indeed, an explanation to this
discrepancy justiﬁes a new independent study to explore the
values of γO3 at variable RH. The hydroxylation channel leading
to the production of semiquinone radicals explains the in situ
interfacial formation of polyhydroxylated aromatic rings and
chromophoric quinones in tropospheric particles.17 However,
the production of semiquinone radicals should also result in the
formation of coupling aromatic products such as biphenyls
during ozonolysis. Therefore, this work is focused on the
identiﬁcation of coupling products from catechol and in situ
produced polyhydroxylated benzene rings during the heterogeneous ozonolysis of thin catechol ﬁlms. The results reported
herein provide new insights into the evolution of biomass
burning and combustion emissions during atmospheric transport.

■

h before any samples were introduced into the reactor.
Ultraviolet (UV)−visible absorption measurements at wavelengths λ1 = 250 nm and λ2 = 300 nm were performed for a 1.0
L min−1 gas ﬂow entering the chamber in a 10.00 cm path
length fused silica cuvette (Starna Cell) before, during, and
after the reaction and converted to [O3(g)] using absorption
cross sections σ250 nm = 1.1 × 10−17 cm2 molecule−1 and σ300 nm
= 3.9 × 10−19 cm2 molecule−1, respectively.22 The standard
deviation associated with measured [O3(g)] during the
reactions was below 2.50%.
FTIR and UV−Visible Monitoring. The spectroscopic
changes associated with the oxidation of thin ﬁlms were studied
by FTIR spectroscopy. Optical windows with prepared ﬁlms
were mounted on stainless steel plates, placed in the reactor,
and withdrawn for FTIR analysis at 20 min intervals of
exposure to O3(g), unless indicated otherwise. FTIR analysis
was performed with a Nicolet iN10 infrared microscope
(Thermo Scientiﬁc). An average of 64 scans were collected in
1.5 min over the range 500−4000 cm−1 with 4 cm−1 resolution
using an iZ10 FT-IR module connected to the infrared
microscope. All samples were background subtracted using an
empty optical window. Control experiments ensured that ﬁlms
exposed to humid air in the absence of O3(g) were chemically
stable and that their loss by sublimation remained below 5.0%
during the time scale of experiments designed to gather kinetic
information. Reported data are the average of duplicate
experiments with error bars corresponding to one standard
deviation. OMNIC software (Thermo Scientiﬁc) was utilized
for FTIR spectroscopy and for data processing. The CD line, or
corrected peak heights after baseline correction as previously
described,17 is reported in all plots. Data analysis and ﬁtting of
rate constants was performed using SigmaPlot Software
(Systat). UV−visible absorption measurements of ﬁlms
deposited on quartz optical windows followed the same
procedure described above.
Film Extraction and Analysis. Each window with a ﬁlm
was extracted with 2.0 mL of selected solvents under sonication
(Branson Ultrasonics) for 15 min. Extractions were performed
using four diﬀerent solvents: chloroform (Mallinckrodt, 99.8%),
isopropanol, acetone (Fisher Scientiﬁc, 99.5%), or acetonitrile
(Fisher Optima, 99.9%). After sonication, the samples were
quantitatively transferred to 7.5 mL amber vials (Fisher
Scientiﬁc) and dried by gently sparging N2(g). All samples
were ﬁnally reconstituted with 1.0 mL of methanol (Fisher
Optima, 99.99%) unless stated otherwise. Control experiments
showed that unreacted dry and humid catechol ﬁlms extracts
remain stable during the time scale of the reaction.
The analysis of reconstituted ﬁlm extracts was performed by
electrospray ionization (ESI) MS in a MSQ Plus instrument
(Thermo Scientiﬁc) operating in negative ion mode. Samples
were injected into the calibrated ESI MS instrument at a ﬂow
rate of 100 μL min−1 by mixing equal ﬂows of the reconstituted
sample in methanol and ultrapure water (18.2 MΩ cm, Elga
Purelab ﬂex, Veolia). The ESI MS conditions were as follows:
drying gas temperature, 250 °C; nebulizer voltage, −1.9 kV;
cone voltage, −50 V; and nebulizer pressure, 70 psi. Reported
ion counts were background subtracted from the solvent and
acquired over ﬁxed intervals (≥30 s).
Conﬁrmation of the generation of carboxylic acids was
obtained by ion chromatography (IC) MS analysis as described
previously.23 For these analyses, dried ﬁlm extracts were
reconstituted in 1.5 mL of water and injected with a Dionex AS
autosampler into a Dionex ICS-2000 IC system. The IC was

EXPERIMENTAL SECTION

Thin-Film Preparation. Solutions of ca. 3.0 mg mL−1
catechol (Sigma-Aldrich, 99.9%) were prepared daily in
isopropanol (Fisher Optima, 99.9%). A glass syringe with
stainless steel plunger and needle (Hamilton, 705) was used for
dropwise addition of 50 μL of solution onto an infrared
transparent optical window. Polished ZnSe or amorphous
material transmitting infrared radiation (AMTIR) 2.0 mm thick
optical windows with a diameter of 13.0 mm (PIKE) were used.
After 3 h of solvent evaporation, dry ﬁlms were conﬁrmed to be
stable by FTIR spectroscopy. The resulting ﬁlm thickness
measured by reﬂectance spectroscopy was ca. 104.5 (±12.8)
μm, and the ﬁlm contained ca. 150 μg of catechol deposited.
Thin ﬁlms of some candidate products were similarly prepared
using cis,cis-muconic acid (Aldrich, 98.7%), maleic acid (SigmaAldrich, 99.9%), glyoxylic acid (Aldrich, 51.7 wt % in water),
oxalic acid (Sigma-Aldrich, 99.9%), 1,2,3-trihydroxybenzene
(Acros, 99.7%), and 1,2,4-trihydroxybenzene (Alfa Aesar,
99.2%).
Ozonolysis of Thin Films. A customized ozone generation
and monitoring system was used in all experiments.16,17 Humid
nitrogen was produced by passing N2(g) (Scott Gross, UHP)
through a wash bottle containing ultrapure water (18.2 MΩ cm,
ELGA PURELAB ﬂex, Veolia). The mixing ratio of dry O3(g)
and humid N2(g) was controlled with ﬂow meters (Aalborg).
The relative humidity of the mixed gas (1.0 L min−1) was
monitored in a mixing chamber with a remote hygrometer
(Traceable) before ﬂowing into a borosilicate glass ﬂowthrough reactor (3.785 L capacity) provided with a Teﬂoncoated lid (Scheme 1). The gas was allowed to equilibrate for 1
Scheme 1. Flow-Through Reactor System with Mixing of
Dry and Wet Gases
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peaks of catechol at 3450 cm−1 (peak 1), 1365 cm−1 (peak 2),
and 1095 cm−1 (peak 3), respectively, are lost in Figure 1B.
Instead, new signals for CO stretching at 1680 cm−1 (peak
4), CC asymmetric stretching at 1585 cm−1 (peak 5), O−H
stretching for carboxylic acid at 2400−3100 cm−1 (peak 6), and
hydrogen-bonded O−H stretching at ∼3400 cm−1 (peak 7)
become prominent in the ozonolysis products spectrum
(Figure 1B).
Figure 1C displays the IR spectra, from top to bottom, of
(blue trace) 1,2,4-trihydroxybenzene, (pink trace) 1,2,3trihydroxybenzene, (green trace) cis,cis-muconic acid, (gray
trace) maleic acid, (dark blue trace) oxalic acid, and (purple
trace) glyoxylic acid, which represent candidate products from
our ozonolysis study at the air−water interface.17 The main
features observed in Figure 1B, peaks 4−6, partially resemble
those of cis,cis-muconic acid.20 However, there is an additional
level of complexity associated with peaks 4, 5 and 7, which
cannot be explained by cis,cis-muconic acid alone. For example,
maleic acid and both trihydroxybenzene species have features
that might contribute signiﬁcantly to peak 5, which is not
observed in cis,cis-muconic acid,20 being as intense as peak 4.
These species, combined with glyoxylic and oxalic acids, may
also explain the appearance of additional hydrogen-bonded O−
H stretching modes giving rise to the broad peak centered at
about 3400 cm−1. Tables with the vibrational assignments for
the oxidized ﬁlm, cis,cis-muconic acid, maleic acid, glyoxylic
acid, oxalic acid, and 1,2,3- and 1,2,4-trihydroxybenzene are
available in the Supporting Information (Tables S2−S8).
Detailed qualitative information on the products of catechol
oxidation at the air−solid interface is gleaned from long-lasting
experiments (24 h exposure) at ozone levels approaching those
typical of highly polluted urban environments (Figure 1).24
However, this experiment is slow and yields kinetics results that
may be biased because of the loss of catechol by sublimation
occurring at long time scales. For example, a control
experiment with pure N2(g) ﬂow at 68% RH shows a catechol
loss by sublimation of 80% after 24 h. Therefore, the
experiments below are designed to constrain the sublimation
loss of catechol during the reaction to be ≤5.0% by increasing
[O3(g)] to shorten their duration and provide valuable reaction
rate constants.
Figure 2 shows the FTIR spectra of thin ﬁlms with 150 μg of
catechol deposited, which are exposed to 23.6 ppmv O3(g) at
72% RH for 3 h. Ongoing work in our laboratory suggests a
Langmuir−Hinshelwood mechanism is followed during the
ozonolysis of catechol ﬁlms.25 The data in Figures 1 and 2 are
in linear region of the hyperbola describing the dependence of
the rate of reaction on [O3(g)]. Monitoring the loss of peaks
1−3 and the appearance of peaks 4−6 allows us to register the
corresponding oxidation of catechol and the development of
organic acids and polyhydroxylated aromatics products,
respectively. The product distribution similar to that obtained
for 230 ppbv O3(g) (Figure 1) conﬁrms that the information
gathered for larger [O3(g)] does not aﬀect the oxidation
mechanism at the air−solid interface. Clearly, features of the
primary product cis,cis-muconic acid are evident in Figure 2, as
well as O−H (1410 cm−1) and C−H bending modes (1360
and 1320 cm−1). Moreover, a deﬁned peak centered at 3400
cm−1 is visible together with distinct broadening stretches for
CO and CC at 1680 and 1590 cm−1, respectively.26
The sharp peak clearly appearing at 1198 cm−1 in the FTIR
spectra of Figures 1 and 2 for ﬁnal oxidation times also
corresponds to cis,cis-muconic acid vibrational modes. This

equipped with an IonPac AS11-HC column (2 × 250 mm), an
AG11-HC guard column (2 × 50 mm), an ASRS-300
suppression module (2 mm), an eluent generator (EGC III)
with KOH cartridge, and a CR-ATC anion trap column. The
separation gradient applied a ﬂow of 0.38 mL min−1 with an
initial mobile phase of 1 mM KOH for 8 min followed by three
linear increases of (1) 1.4 mM min−1 up to 15 mM, (2) 1.5
mM min−1 up to 30 mM, and (3) 3 mM min−1 up to 60 mM.
After IC separation, the eluent was mixed with 0.12 mL min−1
methanol for identiﬁcation of the mass-to-charge ratio (m/z) of
separated components in the ESI MS (drying gas temperature,
450 °C; nebulizer voltage, −1.9 kV; cone voltage, −50 V; and
nebulizer pressure, 70 psi). Chromeleon and Excalibur software
were used to control and process data.

■

RESULTS AND DISCUSSION
Oxidation of Catechol Films. Figure 1 shows FTIR
spectra of catechol thin ﬁlms (A) under ambient conditions and

Figure 1. FTIR spectra of thin ﬁlms of catechol (A) before and (B)
after 24 h of exposure to 230 ppbv O3(g) at 68% relative humidity
(RH); (C) spectra for standards with features observed in oxidized
ﬁlms.

(B) after exposure to 230 ppbv O3(g) at 68% RH for 24 h. All
infrared spectroscopic features for pure catechol in Figure 1A
are assigned to vibrational modes in Table S1 (Supporting
Information). After exposure to O3(g), the features in Figure
1A for O−H stretching, C−C stretching, and C−H bending
10351
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Figure 2. FTIR spectra showing the time series of catechol thin ﬁlms
exposed to 23.6 ppmv O3(g) at 72% RH. Peak labels 1−6 indicate
characteristic peaks used to monitor reaction progress (see text).

peak is 8 cm−1 above the closest peak for catechol and cannot
be confused with a reactant signal. In general, the common
spectroscopic features of several candidate products in the
infrared region prevent the assignment of all products
conclusively based on FTIR results. The critical need to
resolve further the chemical composition of oxidized catechol
led us to extract the ﬁlms and analyze them by diﬀerent
techniques as described below.
Proposed Reaction Pathways Based on the Analysis
of Extracted Films. Figure 3 shows ESI MS analyses of
catechol ﬁlms at 71% RH (blue) before and (red) after 3 h of
exposure to 29.3 ppmv O3(g), which were extracted in (1)
acetonitrile, (2) acetone, (3) isopropanol, and (4) chloroform.
The selection of these solvents with diﬀerent properties ensures
that peak identiﬁcation of products is not aﬀected by any
artifacts resulting from the extraction procedure itself. In
addition, the possibility of methanol clustering of parent anions
during infusion of all samples in 50:50 methanol:water solvent
is discarded because the corresponding adducts would have an
excess mass of +32 Da, which are absent in the MS spectra of
Figure 3.
In the absence of ozone (blue trace in Figure 3), only
catechol (m/z 109) is detected as its monovalent ion
corresponding to a general formula C6H4(OH)O−. Numerous
new product peaks are registered during the analysis of the
oxidized ﬁlm. Some of these products are the same as those
observed during the ozonolysis of catechol at the air−water
interface: glyoxylic acid (detected as glyoxylate ion with m/z
73), crotonic acid (m/z 85) or an isomer (e.g., 4-hydroxycrotonaldehyde), oxalic acid (m/z 89), maleinaldehydic acid
(m/z 99), 4-hydroxy-2-butenoic acid (m/z 101), 5-oxo-3pentenoic acid (m/z 113), maleic acid (m/z 115), glutaconic
acid (m/z 129), and cis,cis-muconic acid (m/z 141). Because
the origin of these species has been explained in detail in our
previous work,17 the discussion below ﬁrst summarizes those
reactions (see Scheme 2) and then is focused on elucidating the
pathways for the production of new molecules observed as
anions at m/z 157, 175, 217, 249, 297, 311, and 325 amu
(Figure 3).
A direct electrophilic attack of O3(g) to catechol27 breaks the
aromaticity between carbons 1 and 2. The sequential process
starts with the formation of a primary ozonide precursor to a

Figure 3. ESI MS spectra of catechol thin ﬁlms (blue trace) before and
(red trace) after 3 h of exposure to 29.3 ppmv O3(g) at 71% RH
extracted in (A) chloroform, (B) isopropanol, (C) acetone, and (D)
acetonitrile.

Criegee intermediate, which yields a hydroperoxide that is
converted in cis,cis-muconic acid (m/z 141) and H2O2.28 The
primary direct ozonolysis product in Scheme 2, cis,cis-muconic
acid, is oxidized29 to form maleinaldehydic acid (m/z 99),
glyoxylic acid (m/z 73), maleic acid (m/z 115), and oxalic acid
(m/z 89). Scheme 2 also summarizes the formation of 4hydroxy-2-butenoic acid (m/z 101), 5-oxo-3-penteneoic acid
(m/z 113), and glutaconic acid (m/z 129), resulting from
Baeyer−Villiger (BV) oxidation of cis,cis-muconic acid.17,30
However, the appearance of new products with m/z 157 and
175 in Figure 3 has escaped detection in experiment at the air−
water interface17 and requires new pathways describing their
production. Thermodynamically favorable electron transfer
between 1,2-dihydroxy-aromatics such as catechol and dissolved O3 yields o-semiquinone and ozonide (O3•−) radicals
directly.31 In the presence of water, the ozonide radical O3•− is
quickly converted into HO•,17 which contributes to the
degradation of catechol with a rate constant kHO•+catechol = 1.1
× 1010 M−1 s−1.32 Similarly, produced polyhydroxylated species
undergo reactions with HO•. In addition to electron transfer,
the production of o-semiquinone radicals is also possible after
HO• attacks catechol forming trihydroxycyclohexadienyl
radicals that undergo dehydration.17
Two channels for the production of the primary products
from hydroxylation, 1,2,3- and 1,2,4-trihydroxybenzene, are
possible.17 The ﬁrst channel results from the reaction of O2
10352
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Scheme 2. Products from Catechol Oxidation by O3(g) and
HO• Radical from Ref 17a

Figure 4. Extracted ion chromatograms during IC MS analysis of
catechol ﬁlm exposed to 29.3 ppmv O3(g) at 71% RH for 3 h. Peaks
marked with an asterisk are scaled down by a factor of 2.

neutral mass 158 Da such as 2-hydroxyhexa-2,4-dienedioic
acid and 3-hydroxyhexa-2,4-dienedioic acid (Scheme 3). The
Scheme 3. Proposed Reactions Producing Species with m/z
157 and 175

a

The m/z values of species observed during ozonolysis at the air−solid
interface are given in blue font.

with 1,2,3- or 1,2,4-trihydroxycyclohexadienyl radical intermediates that also release hydroperoxyl radicals (HO2•).17 The
second reaction channel at the air−solid interface is the direct
attack of O3 to C3 or C6 of catechol that release O2(1Δg) en
route to produce 1,2,3- and 1,2,4-trihydroxybenzene.33,34 Once
produced, trihydroxybenzenes can undergo reactions similar to
those described above to sequentially form tetrahydroxybenzene and pentahydroxybenzene products (Scheme 2).17
The conﬁrmation that several dicarboxylic acids are reaction
products is obtained by IC MS analysis showing in Figure 4 the
extracted ion chromatograms for the most abundant species
with m/z 89, 113, 115, 141, 157, and 175. These species
remained undetected during control experiments without
ozone. The previously proposed mechanism of direct
ozonolysis of catechol at the air−water interface is useful to
guide the assignment of previously identiﬁed anionic products
in Figures 3 and 4 as displayed in Scheme 2 and summarized
above.17
Among the new molecules in Figures 3 and 4 are 2hydroxyhexa-2,4-dienedioic acid and/or 3-hydroxyhexa-2,4dienedioic acid (both m/z 157) and 2,4- or 3,4-dihydroxyhex2-enedioic acid (m/z 175). These species can be explained
based on the indirect oxidation of catechol and its primary
oxidation products. Direct ozonolysis of previously produced
trihydroxybenzene precursors forms aliphatic species with

hydration of a double bond from 2- or 3- hydroxy-muconic
acids occurs in the presence of oxidants, freshly formed
carboxylic acids, and water on the reactive surface. The
mechanism of hydration of 2- and 3-hidroxy-cis,cis-muconic acid
in Scheme 3 is acid catalyzed by the carboxylic acids formed
during direct ozonolysis (Scheme 2), which facilitates the
production of the species with m/z 175, such as 2,4- or 3,4dihdroxyhex-2-enedioic acid. Alternatively, the two-step
addition of HO• to cis,cis-muconic acid (not included in
Scheme 2) may result in the production of species with mass
176 Da. The proposed mechanism of indirect oxidation by in
situ produced HO• at the air−water interface17 rationalizes the
10353
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Scheme 4. Proposed Reactions Producing Tetrahydroxy-biphenyls and Hexahydroxy-terphenyls

generation of o-semiquinone radicals precursor needed in
several reactions leading to the species in Figure 3. Radical
coupling of semiquinone functionalities is involved in the
production of condensed polyphenol rings. The o-semiquinone
radicals have been shown to exist at the air−water interface17
and should be able to undergo coupling reactions.
Dihydroxy-biphenyl isomeric species with m/z 217 in Figure
3 formed by coupling reactions can by represented by
molecules such as [1,1′-biphenyl]-2,2′,3,3′-tetraol, [1,1′biphenyl]-3,3′,4,4′-tetraol, and [1,1′-biphenyl]-2,3,3′,4′-tetraol
(Scheme 4). The low intensity of this peak with m/z 217
indicates that reactive biphenyls are quickly consumed in the
production of heavier coupling products. The related
generation of cross-links among two catechol rings in aqueous
solutions has been identiﬁed during the catalytic oxidation with
biomimetic iron-porphyrin by NMR spectroscopy.35 In agreement with previous studies,35 the coupling reaction is proposed
to preferentially form C−C bonds over the alternative aryloxy
products with C−O−C groups.
Figure 5 shows the UV−visible spectrum of catechol, 1,2,3and 1,2,-4-trihydroxybenzene, which display π → π* transitions
at λ = 274.1, 267.1, and 290.2 nm, respectively. However, these
three polyphenols do not absorb visible light. Figure 5 also
displays the spectrum of oxidized catechol.

Figure 5. UV−visible absorption spectrum of thin ﬁlms of (black)
catechol, (gray) 1,2,3-trihydroxybenzene, (green) 1,2,4-trihydroxybenzene, (blue) cis,cis-muconic acid, and (red) oxidized catechol after
3 h under 23.6 ppmv O3(g) and 70% RH.

Figure 5 also shows that cis,cis-muconic acid alone cannot
explain the various transitions recorded. The peaks at λ = 260,
324, and 407 nm in the UV−visible absorption spectrum for
the oxidized ﬁlm are due to the presence of cross-links from
dimers and trimers of catechol and trihydroxybenzenes.36
10354
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Scheme 5. Proposed Reactions Producing Hexa- and Nona-hydroxy-biphenyls

Similarly, the peak at m/z 325 in the ESI MS spectra of Figure
3 corresponds to a terphenyl arising from the combination of
the semiquinone radicals of diphenyls and catechol (Scheme 4).
Among the candidate products, three isomers displayed in
Scheme 4 are [1,1′:4′,1″-terphenyl]-2′,3,3′,3″,4,4″-hexaol,
[1,1′:4′,1″-terphenyl]-2,2′,2″,3,3′,3″-hexaol, and [1,1′:4′,1″-terphenyl]-2,2′,3,3′,3″,4″-hexaol. The coupling of catechol monomer with formula mass 110 Da to form dimers (218 Da) and
trimers (326 Da) displays the expected characteristic pattern
with a consecutive weight loss of 2 Da per each new ringcarbon to ring-carbon bond.37

The species with m/z 249 in Figure 3 are assigned to a
mixture of hexahydroxy-biphenyls such as [1,1′-biphenyl]2,2′,3,3′,4,4′-hexaol, or any isomer such as those displayed in
Scheme 5 to exemplify a few of them. Their production implies
the combination of two semiquinone radicals from trihydroxybenzenes. Similarly, the production of tetra- and pentahydroxybenzenes precursors of their respective semiquinone
radicals results in the generation of [1,1′-biphenyl]2,2′,3,3′,4,5,5′,6,6′-nonaol or [1,1′-biphenyl]2,2′,3,3′,4,4′,5,5′,6-nonaol, the candidate products in Scheme
5 with m/z 297. The production of 2,2′,3′,5,5′,6,6′-heptahydroxy-[1,1′-biphenyl]-3,4-dione with m/z 311 is presented in
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of catechol at 1363 cm−1 is used to ﬁt a three-parameter
exponential decay equation [catechol] = [catechol]0 +
a exp(−kcatechol+O3t), where a is the pre-exponential constant
and kcatechol+O3 is the reaction rate constant.
Figure 3B shows the relative growth of [cis,cis-muconic acid]
at time t relative to its ﬁnal concentration [cis,cis-muconic
acid]inf obtained from an extrapolation of the CO stretching
at 1680 cm−1 as t → ∞, CDinf line. The ﬁtted curves in Figure
6B correspond to two-parameter exponential growth curves of
the form [cis,cis-muconic acid]/[cis,cis-muconic acid]inf = 1 −
exp(−kcis,cis‑muconic acidt), where the pseudo-ﬁrst-order rate
constant kcis,cis‑muconic acid and [cis,cis-muconic acid]inf are the
ﬁtted parameters. Both pseudo-ﬁrst-order rate constants,
kcatechol+O3 and kcis,cis‑muconic acid, at variable RH are available in
Table S9 (Supporting Information).
The data in Figure 6 for [O3(g)] = 6 × 1014 molecules cm−3
is within the low-concentration range that shows a linear
dependence of the rate constant with [O3(g)] in the
Langmuir−Hinshelwood mechanism.25 Therefore, in the
presence of water, the ozonolysis of catechol at the air−solid
interface (Figure 6) follows a ﬁrst-order kinetics in both ozone
and catechol concentrations.41 A possible explanation for the
enhanced reaction rates observed in Figure 3A for higher RH is
related to the orientation of catechol’s O−H groups toward the
interface. These O−H groups provide sites for water adsorption
to the ﬁlm that facilitate the attack to the vicinal C1−C2 bond
resulting in the production of cis,cis-muconic acid (Scheme 2).
Similarly, the reaction forming the CO groups of cis,cismuconic acid becomes more important with increasing RH
(Figure 6B). For the two highest RH tested of 71 and 90%, the
production of cis,cis-muconic acid levels oﬀ after 1.5 h,
conditions under which other carboxylic acids such as glyoxylic
and maleic acids are observed by ESI MS analysis. Overall,
these results imply that water facilitates the formation of
carboxylic acids during the heterogeneous oxidation of catechol.
Once formed, carboxylic acids can act as a source of protons for
acid catalysis, which reaches a converging maximum above a
threshold of ∼70% RH.
The reactive uptake coeﬃcient of O3(g) by catechol, γO3, is
calculated based on eq 142

Scheme 5 as the result of further oxidation of both species with
m/z 297. Finally, it is possible to compare the eﬃciency of the
four diﬀerent solvents during the extraction procedure of
oxidized ﬁlms based on their increasing polarities: chloroform
(1.04 D) < isopropanol (1.56 D) < acetone (2.88 D) <
acetonitrile (3.93 D).38 The hydroxyl group in isopropanol
forms strong solvent−solute interactions to favorably dissolve
the polyhydroxylated biphenyl and terphenyl products. In
general, the higher-polarity solvents appear to be associated
with an enhancement in the ion count of carboxylic acids in
Figure 3.
The lack of any major peak pairs in the FTIR spectra of
oxidized ﬁlms (Figure 2) with comparable intensity in the
1050−1260 cm−1 interval for C−O−C stretches indicates that
oxyphenylene products are not the dominant coupling products
during the ozonolysis of catechol at the air−solid interface.39
More speciﬁcally, the absorbance for peaks located at ∼1120
cm−1 (a broad feature) and ∼1220 cm−1, common features for
two aromatic rings bound to a common oxygen atom,40 is very
low, which demonstrates that if oxidiphenylenes are formed,
they are much less abundant than biphenyl and triphenyl
products. The previous analysis assumed that the combination
of semiquinone radicals continuously produced during the
reaction originates the products observed. However, a similar
conclusion could be driven by considering the attack of the
reactive radical species to abundant catechol molecules in the
proximity of the solid ﬁlm. Although Figures 3 and 4 display
data for 71% relative humidity, the relative abundance of the
various products is generally enhanced as RH rises. Further
studies are underway to characterize this dependence.
Eﬀect of RH on γO3. The loss of catechol and production of
cis,cis-muconic acid during ﬁlm oxidation under variable RH is
displayed in Figure 6 for an O3(g) mixing ratio of 24.5 ppmv
between 0 and 90% RH. The presence of water alters the rate
of reaction at the air−solid interface in agreement with related
studies.20 The normalized concentration of catechol to its initial
value, [catechol]/[catechol]0, is obtained from the change of
the CD line relative to its initial value CD0 line in panel A of
Figure 6. For this purpose, the loss of C(Ar)C(Ar) stretching

γO =
3

4RT kcatechol + O3
[catechol]
δ
PO3
νO3

(1)

and plotted in Figure 7. This equation accounts for the fraction
of reactive collisions relative to the total rate of collisions
obtained from kinetic theory of gases. In eq 1, R = 8.314 J
K−1 mol−1 is the gas constant, and νO3 = 394 m s−1 is the mean
thermal velocity of O3(g) at T = 298 K. kcatechol+O3 (s−1) are the
measured values (Table S9). The partial pressure of ozone PO3
(Pa) is known from UV absorption spectroscopy, and the
eﬀective ﬁlm thickness δ = 8.4 × 10−8 m is estimated for a
uniform surface coverage of catechol (8.20 × 1017 molecules)
deposited over the IR-transparent crystal of area SA = 1.32 ×
10−4 m2; and [catechol] = 1.217 × 104 molecules m−3 based on
catechol density of 1340 kg m−3 and formula mass of 110.1 ×
10−3 kg mol−1.
The large ﬂow of O3(g) into the reactor favors a turbulent
ﬂow, which together with the very small reaction probabilities
measured (<10−5) indicate that the diﬀusion of O3(g) to the
surface is not a limiting factor in our reactor. For comparison,

Figure 6. (A) Normalized loss of catechol (peak 2 in Figure 2) and
(B) relative production of cis,cis-muconic acid (peak 4 in Figure 2)
over 3 h of exposure to 24.5 ppmv O3(g) at (blue squares) 0%, (black
open circles) 29%, (pink triangles) 48%, (teal stars) 72%, and (gray
triangles) 90% RH.
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atmosphere.17 The competitive production of polyhydroxylated
biphenyls and terphenyls proceeds at the air−solid interface
together with the cleavage of the C1−C2 bond of catechol by
ozonolysis. The absorptivity of model oxidized organic material
representing these emissions becomes pronounced at λ > 290
nm. In addition, the gradual increase in absorptivity with
decreasing wavelength, when transitioning from the visible to
the UV, directly resembles the behavior of atmospheric brown
carbon.43−46 The prompt oxidation of aromatic species by
abundant HO• generates polyphenols that are prone to
undergo direct ozonolysis to form carboxylic acids as a
competitive aging mechanism at the air−solid interface in the
presence of water molecules. The products detected in this
study are consistent with the charge-transfer complexes recently
reported in water-extracted ambient particulate matter collected
in Athens, Georgia.47 Even in dry desert environments (e.g.,
Mojave and Great Basin Desert), where the range of RH is
between ∼15% and ∼72% (comparable to the global-mean RH
= 77%),48 γO3 will depend strongly on humidity as described
above.
For particles of surface A with a mean diameter of 100 nm
covered by catechol molecules, the reaction rate with [O3(g)] =
2.46 × 1012 molecules cm−3 relative to that with [OH(g)] = 1.6
× 106 molecules cm−3 is49 (γO3[O3(g)]υO3A/4)/(γOH[OH(g)]υOHA/4) = 6.9, where room temperature is assumed; γO3 = 7.49
× 10−6 for RH = 90%, γOH = 1 is employed as an upper limit,
and the mean thermal velocity of OH radicals is υOH = 661
m s−1. Therefore, ozonolysis may be at least 7-times faster than
the loss of catechol by HO• during interfacial reactions.
Moreover, the heterogeneous processing of hydroxylated
aromatics by this mechanism is expected to become important
in the absence of HO• during nighttime.
Overall, pollution plumes with tropospheric residence time
of ∼1 week against deposition50 contribute to the oxidative
aging of aromatics during transport. These aging mechanisms
produce low-volatility species51 such as oxalic acid and low
molecular weight oxocarboxylic and unsaturated dicarboxylic
acids found in SOA.9,11 Monitoring reactions occurring at
surfaces contributes to enhancing our understanding of key
heterogeneous processes,52,53 while contributing reaction
mechanisms to explain atmospheric observations. Heterogeneous reactions provide a connection between the processing
of combustion and biomass burning emissions and the
ubiquitous generation of brown carbon species54 resulting
from pathways not yet considered in atmospheric models.

Figure 7. Reactive uptake coeﬃcient of O3(g) by catechol thin ﬁlm at
variable RH. Measured (black circles) in this study for 24.5 ppmv
O3(g) and (red squares), in ref 20, for 4 ppmv O3(g), and (solid blue
diamond) at the air−water interface in ref 17.

Figure 7 also includes reactive uptake coeﬃcients estimated at
the air−water interface17 (expressed as RH = 100%) and
reported in the literature20 under similar conditions. Remarkably, the trends of both studies in Figure 7 (black circles and
red squares) closely match each other; however, their vertical
scale is shifted an order of magnitude, clearly reﬂecting a
diﬀerence in the calculation of γO3. For example, at 90% RH, the
maximum γO3 = (7.49 ± 0.35) × 10−6 measured for 24.5 ppmv
O3(g) in this study is 7.5-times smaller than the value from ref
20 (5.6 × 10−5 for 4 ppm O3(g) at RH = 81%) but only 2.7times larger than the one estimated at the air−water interface.17
In principle, this comparison suggests a smaller upper limit for
the uptake coeﬃcient of ozone by catechol to be used for
modeling the behavior of the emissions from combustion and
biomass burning under humid conditions. However, considering that γO3 should vary with [O3(g)] following a Langmuir−
Hinshelwood dependence from kcatechol+O3, the reported
discrepancy for γO3 could simply reﬂect the ∼6-times ratio in
concentrations used in both studies. To gain further insight
about this system, future experimental work should aim to
determine the Langmuir−Hinshelwood dependence of the
reaction rate constant on [O3(g)]

■

ATMOSPHERIC IMPLICATIONS AND
CONCLUSIONS
This work shows how catechol, a model compound emitted
during biomass burning and combustion emissions, is used to
study the heterogeneous processing of the oxygenated fraction
of aromatic hydrocarbons under variable RH. Similar chemical
processing is expected for other aromatic surfaces in contact
with the atmosphere (e.g., urban ﬁlms, aerosols, etc.). After
primary oxidation of aromatic surfaces by HO•, the sequential
production of 1-hydroxy- and 1,2-dihydroxy-substituted
aromatics should continue in a fashion similar to the one
described in this work.
In our experimental system, ozone-driven oxidation of
catechol in the presence of water vapor leads to the generation
of o-semiquinone radicals and secondary oxidants, including
HO•, HO2•, and H2O2, which further promote the aging of
organic material. Similar processes could occur in atmospheric
aerosols generated by combustion and biomass burning. The
products identiﬁed in this study demonstrate that heterogeneous reactions can provide oxidants and radicals to the
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